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Abstract 


The present contribution analyses the possibilities of both Cu and bimetallic Cu-Ni formulations combined with CeO;-based oxides for their use 
as anodes of solid-oxide fuel cells (SOFC) for direct oxidation of methane. The main objective is related to examining how the metals combination 
and the presence of dopants like Gd and Tb into the ceria structure could affect the catalytic activity of this type of materials towards reaction with 
methane. For this purpose, cermets of Cu alone as well as bimetallic Cu-Ni (with 20 and 40 wt.%) have been synthesised in combination with 
various supports composed by oxides of Ce, Ce-Tb and Ce-Gd. The behaviour of such systems towards interaction with dry methane up to 900 °C 
was analysed by means of CH4-TPR tests. Appreciable differences in the catalytic activity are revealed as a function of the presence of nickel as 
well as Gd or Tb dopants in the systems. The characteristics of carbonaceous deposits formed upon such interaction was analysed by means of 


TPO and XPS. 
© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Solid oxide fuel cells (SOFC) are galvanic devices most 
interesting from environmental and energetic points of view 
due to their high efficiency for conversion from chemical to 
electrical energy and their high versatility towards employ- 
ment of various types of fuels [1]. Classical systems of this 
type involve the employment of thin YSZ electrolytes with an 
anode based on Ni-YSZ cermets and can attain an energetic 
efficiency close to 7096 operating at relatively high tempera- 
ture (800-1000?C) with hydrocarbon reforming mixtures as 
fuel [1—3]. This efficiency can be theoretically increased by 
employing direct hydrocarbon oxidation conditions instead 
of fuel mixtures resulting from reforming [4]. However, the 
classical anode of nickel could easily be deactivated under 
those conditions as a consequence of the formation of car- 
bonaceous deposits due to the relatively good activity of 
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nickel for hydrocarbon cracking [5-8]. Different alternatives 
were developed in this respect to overcome such deactivat- 
ing effect. Murray et al. successfully operated a cell on dry 
methane by employing a nickel-containing ceria-based anode 
at relatively low reaction temperature (650°C) [6]. In turn, 
such ceria-containing anode could in principle be compatible 
with electrolytes able to operate at intermediate temperatures 
(500—700 °C) like gadolinium-doped ceria (CGO) [1]. However, 
the nickel-based anode can be limited when less refractory (and 
therefore more easy to be cracked) hydrocarbons are employed 
as fuel [5,7,8]. 

A more versatile alternative was developed by Gorte, 
Vohs and col. and consisted in employing anodes including 
mixtures between copper and cerium oxide [5,7,9-16]. Such 
configuration has demonstrated to be able to employ a large 
diversity of hydrocarbon fuels (methane or longer chain ones 
and even aromatics) under direct oxidation conditions and 
displaying a reasonable stability [4,7,11]. However, the copper 
anode can present several limitations related to its relatively low 
melting temperature, which can make difficult the fabrication 
of Cu cermets and can also affect the anode stability when 
operating at high temperature [16,17] (although it could perform 
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well at intermediate temperatures), and poor performance for 
hydrocarbon activation [4,16]. 

In this context, the present work intends to study the catalytic 
properties of different anode configurations for direct methane 
oxidation and using the basic copper-ceria configuration as the 
starting reference material. This is compared with bimetallic Cu- 
Ni configurations, considering the higher thermal stabilities and 
chemical reactivity of nickel with respect to copper. Modifica- 
tions of the transport (electrical) or redox properties of ceria by 
employment of structurally related mixed oxides upon doping 
with Gd and Tb are also expected [18]; in this respect, a previ- 
ous work of our group demonstrated that doping of ceria with 
Tb induces changes in the type of conductivity while it made 
the system somewhat more stable towards thermal sintering 
[19]. Catalysts synthesized by two different methods (in order 
to achieve different components configurations which could be 
most relevant to the anode performance [17]) were character- 
ized by XRD, XPS and Sper and analysed with respect to their 
catalytic activity by means of TPR tests under dry methane. In 
turn, since generation of carbon deposits during direct hydrocar- 
bon interaction must strongly affect the SOFC performance (in 
general they will poison the anode although in some bimetallic 
Cu-M configurations they have also eventually displayed pos- 
itive effects attributed to increased electrical conduction as a 
consequence of an enhanced connectivity at microscopic level 
between metal particles in the anode [4]) and their characteris- 
tics are expected to be affected by chemical changes in the anode 
components, these have been explored by TPO and XPS. 


2. Experimental 
2.1. Materials 


Several potential materials to be used as SOFC anodes 
combining Cu and Cu-Ni with CeO 2, Ceo.9Gdo,;02_, and 
Ceo.gTbo.202_ were prepared by two different methods: copre- 
cipitation within reverse microemulsions and incipient wetness 
impregnation. For the coprecipitation within microemulsions, 
two reverse microemulsions, of similar characteristics concern- 
ing the volumes employed of organic (n-heptane) and aqueous 
phases as well as surfactant (Triton X-100) and co-surfactant 
(1-hexanol), were prepared; details on this can be found else- 
where [20]. The first one contained in its aqueous phase the 
dissolved (nitrate) salts of Ce, Gd, Tb, Cu or Ni while the second 
one contained in its aqueous phase a dissolved base (tetram- 
ethyl ammonium hydroxide or TMAH) which is employed as 
precipitating agent. Mixing both microemulsions produces the 
precipitation of the cations and after separation of the solid by 
centrifugation and decanting, the resulting solid is rinsed with 
methanol and dried for 24h at 100°C. The resulting material 
is then calcined under air initially at 500°C during 2h and 
finally at 950°C during 2h, employing relatively slow heating 
ramps of 2° min~!. The latter calcination temperature is essen- 
tially determined by the minimum temperature required finally 
to conform monocells having this type of anode over CGO 
electrolyte membranes [21]. The second preparation method 
consisted in the (incipient wetness) impregnation of the aque- 


ous salts of the metals (Cu and Ni) over CeO, Ceo.9Gdo.1O». 
and Cep.gTbo,202- previously prepared by the microemulsion 
method and calcined at 500 °C. Following the impregnation and 
drying of the systems at 100°C, the catalysts with the metals 
dispersed on their surface were calcined at 500°C and finally at 
950°C under the same conditions employed in the first method. 
In any of the cases, samples with total metal loadings of 20 and 
40 wt.% (with 1/1 atomic ratios for bimetallic Cu-Ni systems) 
have been analysed. Similar microemulsion-precipitation meth- 
ods were employed to prepare reference CuO or CeO? with a 
final calcination being performed at 950°C. Chemical analyses 
of the samples by ICP-AES demonstrated quantitative precipita- 
tion in any of the samples, the actual contents of any component 
being the same (within experimental error) as the nominal val- 
ues employed. The samples will be denoted hereafter as xM-C, 
xM-CG and xM-CT (with x= 20 or 40, depending on the metal 
wt.% and M=Cu or Cu-Ni) depending on whether the support 
material is CeO2, Ceo.9Gdo.102—x or CeogTbo.20»..,, respec- 
tively. The samples prepared by impregnation will be referred 
to with a /I suffix. 


2.2. Techniques 


Specific surface area (Spggr) determination was made from 
curves of adsorption/desorption of Nz at 77 K over the sam- 
ples outgassed at 140?C using a Micromeritics ASAP 2100 
equipment. 

Powder XRD patterns of the samples were recorded on a 
Seifert XRD 3000P diffractometer using nickel-filtered Cu Ka 
radiation operating at 40 kV and 40 mA, using a 0.02? step size 
and 2 s counting time per point. 

X-ray photoelectron spectra (XPS) were recorded with a 
Leybold-Heraeus spectrometer equipped with an EA-200 hemi- 
spherical electron multichannel analyzer (from Specs) and a 
120 W, 30mA Mg Ka X-ray source. The samples (0.2 mg) 
were slightly pressed into a small (4 mm x 4 mm) pellet and 
then mounted on the sample rod and introduced into the pre- 
treatment chamber where they could be subjected in situ to 
thermal or redox treatments under ca. 1 Torr of reactive gases 
(i.e. 2096 CH4/He mixture). Following each treatment, the sam- 
ple was moved into the ion-pumped analysis chamber where it 
was further outgassed until a pressure less than 2 x 107? Torr 
was attained (2—3 h.). This low pressure was maintained during 
all the data acquisition by ion pumping of the chamber. After 
each treatment, XP spectra in the relevant energy windows were 
collected for 20—90 min, depending on the peak intensities, at 
a pass energy of 44eV (1eV — 1.602 x 1071? J) which is typi- 
cal of high resolution conditions. The intensities were estimated 
by calculating the integral of each peak after subtraction of an 
S-shaped Shirley-type background with the help of UNIFIT for 
Windows (Version 3.2) software [22]; atomic ratios were then 
derived using the appropriate experimental sensitivity factors. 
All binding energies (BE) were referenced to the Ce(3d) u” line 
at 917.0eV which, as we have previously shown [23], gives a 
value of 284.6 + 0.1 eV for the adventitious graphitic C(1s) line. 

Temperature programmed reduction (TPR) tests under 
diluted dry methane (5% CH4/He) were done in a quartz flow 
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microreactor filled with about 500 mg of sample and employing 
150 mL min“! total flow. Heating ramps of 10°C min^! from 
30 to 900 °C, maintaining finally this temperature for 2 h under 
the reactant mixture (enough in all cases for achieving stabi- 
lization of the reaction products), were used. Subsequently, the 
sample was cooled under the same flow and after extensive purg- 
ing under He at 30?C, they were subjected to a temperature 
programmed oxidation (TPO) test under 5% O2/He (using the 
same flow rate as for the TPR tests) up to 900°C (10°C min”! 
ramp) and keeping this temperature until products stabilization. 
Gases evolving from the reactor were analysed with a Pfeiffer 
Omnistar quadrupolar mass spectrometer. 


3. Results and discussion 


Specific surface area values obtained for all the samples 
reveal a significant sintering upon calcining the samples at 
950°C (Sger values between «0.5 and 1.6 m? g7!) with respect 
to the samples calcined at 500°C (Sger values between 50.0 
and 100.0 m? g~!). Nevertheless, CG- and CT-supported sam- 
ples apparently maintain after calcination at 950°C relatively 
higher surface areas (with values higher than 1 m? g7!) than the 
C supported ones (having in all cases Sper «0.5 m? g~!), thus 
revealing that doping with Gd or Tb helps to stabilize somewhat 
the systems towards thermal sintering, in agreement with pre- 
vious findings [19]. The presence of the metals apparently can 
also have a role on this since higher surface areas are detected 
after sintering for the samples with 40 wt.% metal content than 
for those with 20 wt.%. 

As illustrated in Fig. 1, the X-ray diffractograms of the initial 
samples calcined at 950?C display mainly peaks due to the flu- 
orite phase of either CeO% or Gd- or Tb-doped ceria [24,25]. In 
addition, the copper containing samples display the presence of 
tenorite CuO. In this respect, it is interesting that CuO peaks are 
apparently more intense for samples prepared by impregnation 
than for those prepared by microemulsion-coprecipitation, thus 
indicating that the latter preparation method favours introduction 


20 (°) 


Fig. 1. X-ray diffractograms of the indicated systems calcined at 950 °C. Peaks 
attributions is as follows—(*) fluorite CeO2, Ceo s Tbo 2 Oo... or Ceo.9Gdo.1O1.95 
phases; (#) tenorite CuO; (+) NiO. 


40CuNi-CG 


20 (°) 


Fig. 2. X-ray diffractograms of the indicated catalysts after TPR under diluted 
CH; up to 900°C. Assignments—(*) fluorite cerium oxide (or Ce-Gd or Ce-Tb 
mixed oxide) phases; (+) Ce2O3; (#) CuNi alloy. 


of a part of the copper into the fluorite structure, in agreement 
with previous investigations [26]. In the case of the nickel con- 
taining samples, the presence of a NiO phase is apparent and no 
mixed oxide with copper appears to be formed. 

However, important changes were detected in the X-ray 
diffractograms of the samples subjected to TPR under diluted 
methane up to 900 °C. This has been examined in all samples of 
the bimetallic CuNi series and is illustrated in Fig. 2 for the sam- 
ples with 40 wt.% metal loadings. Noteworthy, as it occurs also 
for the 20 wt.% loading samples, a reduced hexagonal Ce203 
phase becomes stabilized in air in the absence of doping with 
either Gd and Tb, indicating that the latter are able to stabilize 
fluorite phases of the support, most likely related to highly oxi- 
dised states. Concerning the metal component, all three cases 
show the formation of a CuNi alloy (on the basis of the shift 
observed in the peaks with respect to positions expected for the 
pure metals) which appears more enriched in copper for the 
CG-supported catalyst. This in turn suggests that this latter may 
present a surface enrichment in Ni for this alloy. 

The evolution of CO? during CH4-TPR tests for different cop- 
per catalysts and reference samples are shown in Fig. 3. Fairly 
similar results were observed when comparing the positions of 
reduction peaks observed for samples with 20 and 40 wt.% load- 
ing of metal (the former generally showing, as expected, lower 
intensity). We will therefore centre the discussion on the latter, 
which appears most interesting from a practical point of view [4]. 
It is observed that methane does not begin to react evolving CO2 
in any of the cases until ca. 600?C are attained, which contrasts 
with results observed for samples of this kind in a less sintered 
state (calcined only at 650°C), for which methane oxidation 
was observed at lower temperature [27]. In our samples, com- 
parison with CuO and CeO, reference samples suggests that it 
is essentially the copper oxide component of the systems which 
can be involved in the methane oxidation process. No particular 
decrease of the reaction temperature is observed in the Cu-C 
sample. These results contrast with those observed for less sin- 
tered samples of copper oxide dispersed on ceria (weakly doped 
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Fig. 3. Evolution of the m/e 2 44 MS signal during CH4-TPR tests over the indicated catalysts. 


with lanthanum), in which promoting effects of dispersed copper 
oxide entities on ceria reduction upon interaction with methane 
were claimed to occur and attributed to closer copper-ceria inter- 
actions in samples with higher surface area [27]. In our case, 
interestingly promoting effects for the reduction are observed 
for highly sintered samples when either Ce-Gd or Ce-Tb mixed 
oxides are employed as supports, suggesting a strong relevance 
of enhanced transport properties in the methane oxidation pro- 
cess [24]. Onthe other hand, comparison between the most active 
Cu-CG catalyst prepared by microemulsion-precipitation and 
impregnation methods indicates the higher activity of the for- 
mer, thus indicating that introduction of copper into the fluorite 
structure can be most relevant to increase the oxidative activity 
of the samples. 

As shown in Fig. 4, a general decrease in the methane oxi- 
dation temperature is observed for the bimetallic CuNi systems 
with respect to the monometallic Cu ones, in consistency with 
the higher expected reactivity of nickel towards methane [5-8]. 
Appreciable support promotion effects are also observed for 
these bimetallic systems. In particular, the promoting effect 
on the methane oxidation follows the order CuNi-CG » CuNi- 
CT » CuNi-C. In addition to support effects on the oxidation 


process (as also observed for the monometallic copper ones, 
Fig. 3) the nature of the CuNi alloy formed in each case can 
also play a significant role on the catalytic properties of these 
systems as will be analysed below. 

A complete analysis of all the gases evolving during these 
CH4-TPR experiments gives important hints on the processes 
taking place in the course of the test. As shown in Fig. 5, in 
which the test performed over the original oxidised CuNi-CG 
sample is displayed, the process of total methane oxidation 
(CH4 + 4O;oíia — CO» + 2H20) prevails at lower temperature 
(between ca. 550 and 800?C) at which reduction of Ni (and 
probably also of Cu) to the metal state has not yet been 
completed and thus carbon deposition is unlikely to be sig- 
nificant. This agrees with previous proposals suggesting that 
these systems could favour total oxidation under real SOFC 
operating conditions when oxygen transport is fast enough to 
provide oxygen to the methane molecules [4]. For temperatures 
approaching 900?C at which the catalyst has certainly become 
reduced, partial oxidation processes (CH4 + Osotia > CO + 2H2, 
CH, + 20g01ig — CO +2H20) are clearly revealed while prob- 
ably methane cracking and generation of carbon deposits 
(CH4 — C+ 2H?) likely occur also at those temperatures. This 
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Fig. 4. Evolution of the m/e 2 44 MS signal during CH4-TPR tests over the indicated catalysts. 
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Fig. 5. Evolution of the m/e — 2, 16, 18, 28 (corrected to eliminate the contribution to this signal from CO») and 44 MS signals (corresponding to the indicated gases) 


during the CH4-TPR tests over the CuNi-CG oxidised sample. 


latter partial reduction and methane cracking processes are 
favoured over the prereduced catalyst, as clearly revealed in 
Fig. 6. 

TPO tests subsequent to the CH4-TPR tests clearly reveal the 
generation of carbon deposits during these tests. As displayed in 
Fig. 7, the amount of carbon deposited is apparently higher in the 
presence of nickel, as expected from the mentioned higher reac- 
tivity of this latter towards methane [4—8]. It is also interesting 
in this respect the comparison between CuNi-CG and CuNi-C in 
which an appreciably higher amount of CO» is shown to evolve 
for the former (Fig. 7). This correlates well with the mentioned 
differences in the CuNi alloy formed in each case which appears 
more enriched in Ni for the former which could also favour a 
higher reactivity towards methane in it. Nevertheless, it can be 
also appreciated that upon the high temperature interaction with 
methane, the carbon deposits formed in copper only samples 
are very stable (even if in small amount), while for the bimetal- 
lic samples (and among them for the CuNi-CG sample, most 
active in this respect) they appear to be considerably less sta- 
ble (more easy to oxidise). The fact that in the latter sample the 
oxidation of carbon in this TPO run is seen to be completed 


Intensity / a.u. 


efficiently already at T « 650?C suggests that this type of com- 
position (bimetallic CuNi particles on Gd-doped ceria), under 
fuel cell operation conditions (with steady state supply of oxygen 
from the electrolyte), could be effective for keeping relatively 
low levels of carbon deposited on the anode. In contrast, the sam- 
ples containing only copper apparently form considerably lower 
amounts of carbon deposits and these could correspond to very 
stable forms of carbon upon the high temperature interaction 
with methane. 

In order to get more hints on the nature of carbon deposits 
formed in the latter type of samples (Cu-C and Cu-CT), they 
have been explored after the CH4-TPR treatment up to 900°C 
for the 40 Cu-C and 40 Cu-CT samples by XPS. As shown in 
Fig. 8 substantial differences are appreciated in the XPS spectra 
in the C(1s) region (ca. 300-270 eV) for either of the two orig- 
inal samples or when they had been treated under CH4 up to 
900 °C. Besides the lines at ca. 289.0 and 285.7 eV due respec- 
tively to the Ce(4s) and Tb(4p) photoemissions, the spectra of 
both samples after the CH4-TPR run, display overlapped on 
those signals an intense and sharp peak at ca. 286.0eV and a 
somewhat smaller one at ca. 289.0 eV. Moreover, in the case of 
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Fig. 6. The same as Fig. 5 over the CuNi-CG sample prereduced under diluted H3 at 500°C. 
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Fig. 7. Evolution of the m/e 2 44 MS signal during TPO tests subsequent to CH4-TPR tests over the indicated catalysts. 


sample 40 Cu-C, a completely new sharp peak, at ca. 280.9 eV 
appears. Taking into account that the reference graphitic car- 
bon would appear at ca. 284.6 eV (and might be also overlapped 
to the 286.0eV peak in the spectrum of the samples treated 
under CH4), the signal appearing at 289.0 eV must correspond, 
as reported in the NIST XPS database [28], to oxidised car- 
bonaceous deposits while the one at 286.0 eV may well belong 
to oxygen bonded -[CH;]- polymeric species. In turn, the rel- 
atively strong B.E. shift of the sharp signal observed at ca. 
280.9 eV in the sample 40 Cu-C, suggests that it must be asso- 
ciated to some carbide-like phase of the type CyCe or C,Ce,Cu, 
by analogy to well known phases such as CW, CTi or CHf 
[28]. 
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On the other hand, the study of the evolution of the Cu(2p) 
and Cu(L43M45Mas,! G) lines, using Wagner's chemical state dia- 
grams [29], shows that in the two original samples copper was 
10096 as Cu?* while a treatment in situ (at the XPS chamber) 
with a 20% CH4/He mixture at 500°C during ca. 3h produces 
only less than 1096 reduction to Cu* and Ce?* without any 
change in the Cu(Ce + Cu) or Cu/(Cu + Ce + Tb) atomic ratios 
that remain close to the 0.45 + 0.02 original values in the two 
samples. 

For the sample 40 Cu-CT, after the CH4-TPR run, copper 
and ceria remain with the same atomic ratio and fully oxidized 
(remember that the sample had been exposed to the air during 
its transfer to the XPS chamber), the Tb(3d) signal indicates a 
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Fig. 8. XPS spectra in the C(1s) zone of the initial Cu-C sample (calcined at 950 °C) and after CH4-TPR up to 900 °C (left). The same for the Cu-CT sample (right). 
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Tb?*/Tb^* ratio much higher than in the original sample thus 
suggesting an easy electron transfer from Ce?* to Tb^* (in other 
words, Tb^* is reduced preferentially rather than Ce^*) as we 
have recently reported elsewere [30]. However, in the case of the 
sample 40 Cu-C the Cu/(Cu + Ce) ratio increases from 0.44 up to 
0.58 after the CH4-TPR process, indicating surface segregation 
of copper, while the Cu(2p) photoemission shows a complex 
structure with a main 3ds5;7 B.E. peak at 931.5 eV, shifted by 
—1.3 eV from metallic copper, and two shoulders at higher bind- 
ing energies due to Cu* and Cu?* species. The peak at 931.5 eV 
must be ascribed to some kind of alloyed copper (i.e CuPd alloy 
shows a shift of —0.8eV [28]). Meanwhile, the Ce(3d) pho- 
toemission was also complex indicating the presence of low 
oxidized species (i.e. Ce?* and/or Ce), which agrees with XRD 
data reported above. Noteworthy, strongly reduced cerium oxide 
can be reoxidized immediately to some extent when exposed to 
the air. All these facts seem to confirm the formation of the 
above-mentioned CCe,Cu, alloyed carbidic phase in 40 Cu- 
C while the CT-based sample would be protected against such 
alloy formation. All these new C(1s), Cu(2p) and Ce(3d) sig- 
nals could be eliminated in both samples by a short (730 s.) 
non-reductive sputtering with O2* ions at 3.5 KV., recovering 
the spectra of the original samples, what indicates a weak bulk 
development of C-containing alloyed phase and of the diverse 
types of the carbon deposits generated upon the interaction with 
CH; up to 900°C. In fact, the amount of C-species formed by 
CH4-TPR, estimated from the relative areas of the correspond- 
ing peaks obtained by subtracting both spectra of each sample, 
was 5-6 times higher in the 40 Cu-C sample than in the 40 
Cu-CT one. Still, it only represents a few percent of the atoms 
detected by XPS even in the 40 Cu-C sample treated with CH4 
at 900?C. 


4. Conclusions 


Different materials involving combinations of monometal- 
lic copper and bimetallic copper-nickel combined with either 
ceria or Ce-Gd and Ce-Tb mixed oxides have been examined 
with respect to their catalytic properties towards oxidation of 
methane in the context of their potential application as anodes 
of SOFC for direct oxidation of hydrocarbons. CH4-TPR results 
reveal important differences as a function of the presence of Ni 
as well as Gd and Tb in the systems. While, as expected, the 
presence of Ni appreciably enhance the methane reactivity, the 
doping of ceria by Gd or Tb is shown to be also generally ben- 
eficial for such reactivity as a consequence of the modifications 
induced in the redox or transport properties of the materials. 
Differences in the methane reactivity as a function of the redox 
state of the catalyst are also revealed. As expected, the full oxi- 
dation process is favoured when the systems are oxidised while 
partial oxidation and or methane cracking processes leading to 
carbon deposition prevail upon interaction with the reduced cat- 
alysts. The nature of such carbon deposits have been analysed 
by TPO and XPS and confirm that their amount increases in 
the presence of nickel and apparently depend on the surface 
characteristics of the Cu-Ni alloy formed in each case, which 
apparently also depend on the presence of Gd or Tb in the 


system. The carbon deposits are formed in considerably lower 
amount in the copper only systems although they form more 
stable deposits whose nature apparently depends also on the 
presence of dopants in the ceria fluorite structure. The bene- 
ficial effects on the methane activity observed in the presence 
of Tb or Gd dopants in ceria can be related to the stabilization 
of the fluorite phase in them, even after strong reduction under 
methane, which could also prevent the generation of carbidic 
alloys and facilitate also the oxidation at relatively low tempera- 
ture of the carbonaceous deposits formed upon interaction with 
methane. 
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